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Abstract
Abstract: We explore the capability of the non-natural amino acid azidohomoalanine (AHA)
as an IR label to sense relatively small structural changes in proteins with the help of 2D IR
difference spectroscopy. To that end, we AHA-labelled an allosteric protein (the PDZ2 domain
from human tyrosine-phosphatase 1E) and furthermore covalently linked it to an azobenzene-
derived photoswitch as to mimic its conformational transition upon ligand binding. To determine
the strengths and limitations of the AHA label, in total six mutants have been investigated
with the label at sites with varying properties. Only one mutant revealed a measurable 2D IR
difference signal. In contrast to the commonly observed frequency shifts which report on the
degree of solvation, in this case we observe an intensity change. To understand this spectral
response, we performed classical MD simulations, evaluating local contacts of the AHA labels to
water molecules and protein side chains and calculating the vibrational frequency based on an
electrostatic model. While these simulations revealed in part significant and complex changes of
the number of intraprotein and water contacts upon trans-cis photoisomerization, they could not
provide a clear explanation of why this one label would stick out. Subsequent quantum-chemistry
calculations suggest that the response is the result of an electronic interaction involving charge
transfer of the azido group with sulphonate groups from the photoswitch. To the best of our
knowledge, such an effect has not been described before.
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I. INTRODUCTION
Proteins are dynamical objects. The structural dynamics of proteins involve equilibrium
processes, such as thermally driven fluctuation, as well as non-equilibrium processes, such
as the conformational transition in a light-triggered protein. Vibrational spectroscopy pro-
vides an inherent picosecond time resolution to study both equilibrium and non-equilibrium
processes. However, obtaining site-selective information from vibrational spectroscopy will
in general require vibrational labels, since the IR spectrum of a molecule of that size is no
longer resolved into its normal modes. Ideally, such vibrational labels should absorb outside
of the congested region of the absorption spectrum of a protein1–5 in order to discriminate
it from a huge background. Various distinct molecular groups have been suggested for that
purpose: –SH vibrations of cysteines,6 –CD vibrations of deuterated amino acids,7–9 –C≡O
vibrations of metal-carbonyls either from natural cofactors such as a heme group10–12 or from
complexes that can be bound to amino acids in a post-translational step,13–15 as well as –
N3,
16–22 –C≡N23,24 and –SCN25 vibrations from non-natural amino acids. All these molecular
groups have in common that they absorb in a spectral window between ≈1700 cm−1 and
≈2800 cm−1, where essentially no fundamental modes of natural proteins are found (with
the one exception of the –SH vibrations of cysteines), and where the only background orig-
inates from the still quite strong but very broad and featureless absorption of the solvent
water.
In addition to having a frequency in that spectral window, a good label should fulfill the
following criteria:
• The extinction coefficient of the label should be large enough so that it can be detected
at reasonable concentrations. As most proteins are not soluble at high concentrations,
the goal is to measure at concentrations of around 1 mM or below. This concentration
range is comparable to what is commonly used for NMR measurements.
• It should be versatile and incorporable at essentially any position of a protein with
good yields and at a high purity (since IR measurements require large amounts of
sample).
• It should not significantly perturb the structure and the stability of a protein.
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• The label should be sensitive to its environment, e.g., sense the polarity or hydropho-
bicity of its surrounding.
With these criteria in mind, we currently concentrate on the non-natural amino acid azi-
dohomoalanine (AHA) as a label, which contains an azido group (–N3) that absorbs at
around 2100 cm−1. It has a reasonably high extinction coefficient of 300-400 M−1cm−1,20
large enough to be measured at concentrations well in the sub millimolar regime by 2D IR
spectroscopy.4,22 As a small amino acid that is a methionine analog, it can be incorporated
also into larger proteins (which can no longer be synthesized on a peptide synthesizer) at
essentially any position by a methionine auxotrophic protein expression strategy.26,27 It does
not perturb protein properties very much, as evidenced for example by the fact that la-
belling a peptide ligand with AHA affects its binding affinity to a PDZ2 domain only to a
small extent.20 Finally, AHA has been shown to be a sensitive probe of its environment. For
example, when AHA is buried in the hydrophobic core in the folded state,17 the azido band
blue-shifts by up to 20 cm−1 upon protein unfolding. Along the same lines, it can also be
used to detect binding of an AHA-labelled peptide ligand to a larger protein, in which case
the degree of solvation of the label diminishes, causing a red-shift of its vibration.20,22 Such
shifts have been explained mainly by changes in hydrogen bonding to the first and/or third
nitrogen atom of the azido group as well as to variations in the angle between the hydrogen
bond and the azido group.21,28 Furthermore, the vibrational frequency is also influenced by
the polarity of the environment,21 e.g., Coulomb interactions to the middle nitrogen atom
of the azido group can shift the vibration.18
In the present study, we explore the capability of the AHA label to sense relatively
small structural changes of a protein, i.e., changes much smaller than those occurring upon
unfolding. To that end, we employ a protein construct that we have designed and charac-
terized recently, see Fig. 1.29–32 That is, we have chosen the second PDZ (PDZ2) domain
from human tyrosine-phosphatase 1E (hPTP1E), which has been studied extensively as a
model allosteric protein from different perspectives, i.e., structural,33–35 dynamical36–38 or
computational.31,32,39–48 In order to investigate the allosteric mechanism by transient IR
spectroscopy, we have covalently linked an azobenzene derivative across the binding groove
of the PDZ2 domain in such a way that the light-driven trans-cis isomerization of the pho-
toswitch induces a structural transition in the protein, which mimics ligand unbinding in
the native system.29 By NMR analysis (PDB entries: 2M0Z and 2M10), we have confirmed
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that the structural changes, which are of the order of 1 A˚, are of similar size as in the native
system.
We have shown by transient IR spectroscopy that the protein responds to the light-
induced perturbation on two timescales, one extending up to ≈100 ns that reflects the
opening of the binding groove (which we know since luckily we could isolate one specific
mode localized on the azobenzene derivative), and a second phase on a 10 µs timescale.29 We
have no information from experiment on the structural nature of the second phase, since we
did not employ any label that would reveal site-selective information. Based on molecular
dynamics (MD) simulations, we suggested that it involves some of the more flexible and
remote loop regions of the protein and/or the termini.31,32 MD simulations also suggested29
that the water solvation shell changes on the timescale of the binding groove opening even
relatively far away from the perturbation, and we proposed that both aspects (i.e., structural
changes of regions far away from the binding groove and/or changes in solvation) might be
possible mechanisms of allostery. Based on the experience from previous works employing
AHA in other molecular systems,17–22,28 it appears possible that this label can sense such
effects in a photoswitchable PDZ2 domain, and it is the goal of the present paper to explore
whether this is indeed possible.
As a first step in this direction, we consider stationary difference spectra comparing
the two states of the protein, and leave time dependent transient experiments for a future
publication. To explore the capability of the AHA label as a probe of the change of the local
structure, the following criteria have been used to select the positions for the AHA label:
• Amino acids close (L78, N80, I20) versus far away (N16, S48, L66) from the photo-
switch have been selected, in order to investigate the dependence on the distance from
the perturbation.
• Amino acids within secondary structural elements (L78, S48) versus loop regions (N16,
L66) have been selected. Whereas the PDZ2 domain undergoes only small shifts in
the more rigid secondary structural elements, larger conformational changes can be
observed in the flexible loops.29
• Surface exposed amino acids (N80, N16, S48) versus amino acids buried in the hy-
drophobic core (L66, I20) have been selected. Only the former will sense changes in
protein solvation.
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FIG. 1. Photoswitchable PDZ2 domain with the positions of amino acids, which have been mutated
to AHA, indicated in green. Only one amino acid has been mutated at a time in the experiment.
Left: Front view to the binding site of the protein; right: top view
• Finally, we considered only amino acids of similar size for mutation, and only neutral
amino acids in order to avoid shifts of the isoelectric point of the protein.
Fig. 1a,b show all amino acids that have been mutated to AHA (for each mutation, only one
amino acid at a time). We use 2D IR spectroscopy instead of FTIR spectroscopy owing to
the inherent sensitivity gain of 2D IR, which for the most part originates from its quadratic
dependence on the extinction coefficient that significantly reduces the solvent background
in a relative sense.4 Furthermore, since the measurement beams are small, and since we can
light-induce the trans-to-cis transition, extraordinary low amounts of protein sample are
needed (<∼ 1 nmol) in 2D IR difference spectroscopy. These low amounts compensate for
the fact that protein preparation is quite tedious.
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II. MATERIAL AND METHODS
A. AHA-Labelled, Photoswitchable PDZ2 Domain
To produce protein containing the non-natural amino acid AHA, we have modifed a
protocol that has been described before27 as follows: Starting from the previously used
pET30a(+) vector containing two mutations S21C and E76C for the cross-linking of the
photoswitch,29 additional single residues were mutated to methionine for the insertion of
AHA by site-directed mutagenesis (QuikChange; Agilent, Santa Clara, CA). A methionine
auxotrophic cell strain (E. coli B834(DE3); Novagen, Merck Millipore, Darmstadt, Germany)
was used for the protein expression. Cell cultures were grown in LB medium with 30 µg/ml
kanamycin at 37◦C to an OD600 of 0.8. The LB cultures were centrifuged at 3500 g and
20◦C for 20 min and afterwards immediately re-suspended in a minimal medium (SelenoMet
Base medium with SelenoMet Nutrient mix from Molecular Dimensions, Newmarket, UK)
supplemented with 100 µg/ml AHA (Bapeks, Riga, LV) and 30 µg/ml kanamycin, where
they were incubated at 37◦C for 30 min in order to use up residual methionine. 1 mM IPTG
was added and the protein was expressed at 37◦C. AHA is a potentially reactive amino acid
and can be modified during protein expression and purifcation. A short expression time of
4 hours was therefore chosen in order to minimize protein modifications, despite a somewhat
lower yield. The cell cultures were centrifuged at 3500 g and 4◦C for 20 min and then stored
at -20◦C.
The His-tagged protein was purified using nickel magnetic beads (Biotool.com, Houston,
TX, USA) following the recommended protocol. 50 mM Tris buffer, pH 8.5 was used for
cell lysis, the protein was denatured with 6 M guanidinium chloride and then refolded on
the nickel magnetic beads. Residual nickel, which was bound to the protein, was removed
by adding 40 mM EDTA and incubating over night at 4◦C. A yield of about 7 mg pro-
tein per liter of cell culture was determined using a Bradford assay. SDS-PAGE and mass
spectrometry were performed to control the purity of the protein.
As photoswitch, we employed an azobenzene derivative containing two sulfonate (-SO−3 )
groups in order to increase its solubility in water.49 For its cross-linking, a protocol similar
to the one described in Ref. 29 was used. However, the reduction of the cysteins, to which
the photoswitch binds, had to be performed under milder conditions, since any reducing
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agent that is commonly used for that purpose would also reduce the azido group of the
AHA, resulting in a primary amine. The reaction conditions had to optimized, so that
most of the disulfide bridges were reduced while most of the AHA remained intact. That
is, 1 mM TCEP (from a 100 mM TCEP stock at pH 8.5) was added to the protein at a
concentration of around 50 to 200 µM in 50 mM Tris buffer, pH 8.5, 500 mM imidazole and
40 mM EDTA. This solution was incubated at room temperature for no longer than 15 min.
In principle, the reduction of disulfide bonds could be omitted completely in order to avoid
any destruction of AHA, which however, would lower the yield of the cross-linking reaction
dramatically.
As in Ref. 29, the reducing agent was subsequently removed by desalting chromatography
(HiPrep column, GE Healthcare, 50 mM Tris buffer, pH 8.5), and the protein was cross-
linked to the photoswitch under an oxygen free (nitrogen) atmosphere at room temperature
for at least 6 hours. Cross-linking was performed in a highly diluted solution in order
to minimize the formation of oligomers (10 µM protein to 100 µM photoswitch). The
cross-linked protein was purified using anion exchange chromatography (HiTrapQ column,
GE Healthcare). The His-tag was removed by digestion with HRV 3C protease, and the
cleaved protein was purifed with nickel affinity chromatography (His-Trap HP column, GE
Healthcare). The purified protein was concentrated and desalted into 50 mM borate buffer
with 150 mM NaCl at pH 8.5. Finally, the protein was lyophilized and dissolved in D2O.
Mass spectra of all mutants considered in this study are shown in Fig. S1 (Supplementary
Material), emphasizing the excellent purity of the final labelled and cross-linked protein.
B. Difference 2D IR Spectroscopy
For the difference 2D IR spectroscopy, we used an instrument described before.20,22 In
brief, mid IR pulses were generated in a home-built two stage OPA with a difference mixing
stage50 pumped by a commercial Ti:S amplified laser system (Spitfire, Spectra Physics)
running at 5 kHz. The OPA yielded pulses at 4.7µm and ≈3µJ per pulse with an energy
stability better than 0.3% at 500 shots. The 2D-IR instrument used a four wave mixing
phase-matching geometry employing a HeNe trace beam to accurately determine the delay
times51 and a polarization-based balanced heterodyne detection.52 The signal was detected
on a 2×32 MCT detector array after dispersing it in a spectrograph with a resolution of
8
7 cm−1. A photoelastic modulator (PEM) was used to induce a quasi-phase shift on pulses
1 and 2 in order to suppress scattering.53 The time domain data were collected into 2.11 fs
long time bins (defined by the HeNe wavelength) with a maximum scanning time of 3 ps,
revealing a spectral resolution of 2.7 cm−1 after zero-padding by a factor 2 and subsequent
Fourier transformation. Purely absorptive spectra were obtained by alternative scanning
of beams 1 and 2 backward in time. The population time was kept constant at 300 fs to
minimize non-resonant effects from overlapping excitation pulses.
At the protein concentrations considered in this study (1 mM or below), the AHA signal
is buried under the background from the D2O buffer (essentially the wing of the OD-stretch
vibration that is centered at ∼2500 cm−1). We therefore measured difference 2D IR spectra,
i.e., we first measured a spectrum of the dark adapted protein, in which case the photoswitch
is in the trans configuration. The sample was then switched into cis by illuminating it
at 370 nm from a cw-diode laser (CrystaLaser CL-2000) for about 3 min, and a second
2D IR spectrum was measured without changing any of the alignment (but with continuous
illumination with the 370 nm laser). The difference of the two spectra was then calculated
after phasing them independently, using the phase of the water background also contained
in the data as a reference (see Ref. 54 for details). Since the water background is the same
in that light-induced difference spectrum, it did not have to be measured independently and
a stationary cuvette with only ≈ 1 µl of sample volume was sufficient for these experiments.
For the unfolding difference spectrum, on the other hand, L78AHA was resuspended in 6 M
guanidinium chloride, deuterated buffer solution at pH 8.5 to ensure complete unfolding.
The final spectrum is a double-difference spectrum, i.e. the spectrum in the unfolded state
minus that of the corresponding buffer, subtracted from the folded state minus corresponding
buffer. To subtract out the buffer contribution, a syringe pump sample delivery system
together with a flow cell was used to exchange sample,20,22 requiring much larger sample
volumes of ≈ 100 µl.
C. Molecular Dynamics Simulations
Recently Buchenberg et al. performed a detailed molecular dynamics (MD) study of the
structural changes of photoswitchable PDZ2 upon cis-trans photoisomerization.31 Following
this work, we carried out MD simulations of photoswitchable PDZ2 including AHA labels
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as present in the experiment. To minimize computational time, three labels were considered
per simulated system (in contrast to experiment, where only one amino acid was replaced per
sample). Selecting label positions such that no AHA group interacts with another one, the
first system contained AHA labels at sequence positions 16, 66 and 78, and the second system
at positions 20, 48 and 80. Both systems were simulated in the cis and trans configuration
of PDZ2, using Gromacs 4.6.7 with a hybrid GPU-CPU acceleration scheme.55
In all simulations, the protein was placed in aqueous solution including 150 mM NaCl.
The side chains of all four histidine residues (33, 54, 72, and 87) in all initial structures were
chosen to be -protonated. The protein was described using the Amber99SB*ILDN force
field,56–58 water molecules by the TIP3P model,59 and ions with the model of Ref. 60. The
parameterization procedure using Antechamber61 and Gaussian0962 and the resulting force
field parameters of the AHA labels are described in the Supplementary Materials. All bonds
involving hydrogen atoms were constrained,63 allowing for a 2 fs time step. Electrostatic
interactions were calculated using PME.64 The minimum cutoff distance for electrostatic
and van der Waals interactions was set to 1.2 nm. To couple the system to a heat bath, we
used the velocity-rescale algorithm65 and for pressure coupling the Berendsen algorithm.66
After energy minimization, the systems were simulated for 100 ns at a pressure of 1 bar and
a temperature of 300 K.
Data evaluation was carried out with Gromacs tools.55 To determine intraprotein polar
contacts, we used g mindist to calculate the minimal distances between the −N3 atoms of
the AHA residue and all polar atoms which were found within a 1 nm radius of the azido
group (with respect to the starting structure). Contact distributions were then obtained
by histogramming the MD data with 0.01 nm binning width. We defined a contact to be
formed if the minimal distance between a azido group nitrogen atom and a protein nitrogen
or oxygen atom is shorter than 0.45 nm.67 In a similar way, we analyzed contacts between
AHA and water as azido group/water oxygen atom distances with a cut-off of 0.45 nm, as
well.
D. Calculation of Vibrational Spectra
We used the empirical model of Cho and coworkers28 to estimate vibrational shifts δω
caused by changes in the electrostatic environment of the AHA labels. By calculating the
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electric field Ej(t) at the nitrogen atoms (j = 1, 2, 3) of the azido group for each MD snapshot
at time t, we obtain the spectral shift
δω(t) =
∑
j
ajEj(t) (1)
with coefficients aj given in Ref. 28. Electric fields were computed via a reaction field
approach55,68 using a cut-off radius rc = 2.3 nm. From the frequency trajectory δω(t) with
a time step of 15 ps, the distribution of the vibrational shifts was obtained via a histogram
using 50 bins.
As an alternative approach, quantum-mechanical calculations of vibrational spectra of
protein side-chain conformers were performed using Gaussian09,62 following Wolf et al.69
From the MD simulation, we first determined the snapshot where the N(2)-atom of the
azido group is closest to one of the two sulfur atoms of the photoswitch sulfonate groups;
we chose one structure each for the trans and the cis configuration, and for I20AHA and
L78AHA. Using these structures, we constructed a minimal vacuum model of the AHA label
(−N3 group and Cβ atom) and the sulfonate group (including the attached carbon atom),
where both carbon atoms were saturated with hydrogen atoms. Keeping the positions of
both carbon atoms as well as the distance between N(2)-atom and sulfur atoms fixed, the
resulting system was initially minimized in energy at the HF/6-31+G* level, followed by a
density functional theory-based minimization using B3LYP70,71 and the 6-31+G* basis set.
At the same theoretical level, harmonic frequencies and band intensities were determined
by diagonalization of the Hessian matrix. Vibrational frequencies were corrected by the
asymmetry factors given in Ref. 72. Atomic charges were calculated via Mulliken population
analysis.73
III. RESULTS AND DISCUSSION
A. Folding Stability
We have determined the folding stability of the various mutants by CD spectroscopy;
the data are shown in Fig. S2 (Supplementary Material) and the results are summarized
in Table I. The CD measurements have been performed under the same conditions as
the 2D IR experiments, i.e., buffered in D2O solution. Tentatively, the AHA mutations
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destabilize the protein, if at all, only a little bit relative to the photoswichtable PDZ2
domain without AHA, as judged from the midpoint temperatures Tm. The cis-state is,
overall speaking, somewhat less stable than the trans-state (the latter is opposite to what
we have reported in Ref. 30, where the CD has however been measured in H2O and without
NaCl). Furthermore, the folding transition is less cooperative in the cis-state with a larger
width of the folding transitions ∆T . Nevertheless, all mutants considered here are folded to
>∼98% at 10◦C in both their cis and their trans-states. We performed the 2D IR experiments
at that temperature in order to ensure that any difference signal induced by photoswitching
is not obscured by partial unfolding.
B. Unfolding 2D IR Difference Spectra
As a reference experiment, Fig. 2 compares the 2D IR spectra of L78AHA in the folded and
the unfolded state of the protein. The measurements were performed in the dark, i.e., with
the photoswitch in its trans configuration. We chose to induce unfolding by a denaturant
(6 M guanidinium chloride), rather than by raising the temperature, as the latter causes a
dramatic change in the water response and furthermore tends to induce aggregation of the
TABLE I. Unfolding midpoint temperatures Tm and width of the folding transitions ∆T of the
different mutations of the photoswitchable PDZ2 domain in its two states, as obtained from CD
spectroscopy. To that end, the data have been fit to a function 1/(1 + exp((T − Tm)/∆T )) after
subtraction of the background and normalisation.
Mutant trans cis
Tm/
◦C ∆T/◦C Tm/◦C ∆T/◦C
no AHA 49.5±1 3.7±1 46.0±2 6.3±2
N16AHA 48.0±1 5.4±1 45.5±2 8.0±2
I20AHA 43.0±1 5.2±1 36.5±4 7.9±2
S48AHA 49.5±1 3.9±1 51.0±1 3.8±1
L66AHA 44.5±1 4.2±1 43.5±1 5.9±1
L78AHA 43.5±1 4.4±1 38.5±2 7.4±2
N80AHA 47.0±1 4.5±1 49.0±3 6.0±3
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FIG. 2. Purely absorptive 2D IR spectra of L78AHA in the folded (left panel) and the unfolded
state (middle panel), the latter induced by adding 6 M guanidinium chloride. The right panel
shows the difference (unfolded minus folded) of both spectra. To that end, the spectra of the
folded and unfolded protein have been scaled to the bleach signal, since they have been measured
at slightly different concentrations, and have subsequently been subtracted to reveal the difference
spectrum. For the plotting, the difference spectrum has been multiplied by a factor 2 so that all
spectra share the same number of contour lines. Blue colors depict negative signals (i.e., bleach
and stimulated emission in the purely absorptive 2D IR spectra) and red colors positive signals
(excited state absorption).
protein and hence scattering in the 2D IR signal. In each case, a 2D IR spectrum of the
corresponding buffer has been measured as well under identical conditions, and has been
subtracted, as shown in Refs. 4, 20, and 22. In both states of the protein, the 2D IR spectra
show the usual 0-1 peak depicted in blue together with the 1-2 peak depicted in red (i.e., with
opposite sign), which is shifted along the probe-frequency axis due to the anharmonicity of
the AHA vibration. By the tilt of the 2D IR lineshapes, a modest amount of inhomogeneity
is detected, which does not differ very much in the two states of the protein.
The most prominent change upon unfolding is a blue-shift of the AHA label by ≈7 cm−1,
which is a bit smaller than for previous observations.17 That is, upon unfolding, the AHA
label becomes fully solvated and hence the number of hydrogen bonds to water molecules
increases, as well as their flexibility allowing for hydrogen bonding at a more optimal angle.
Cho and coworkers have shown in Ref. 18 that both effects cause a blue shift of the vibrational
transitions. In turn, the frequency shift also reveals that the AHA label of this particular
mutant is solvent-exposed to only a minor extent in the folded state of the protein. Position
13
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FIG. 3. Purely absorptive 2D IR difference spectra (cis minus trans) of all mutants considered
in this study, induced by photoswitching the azobenzene moiety from trans to cis with the help
of a cw-laser diode. All signals were normalized by concentration (which varied between 0.6 mM
and 1.1 mM) and to the peak signal of L78AHA. Blue colors depict negative signals and red colors
positive signals.
L78AHA is situated inside the the binding pocket (see Fig. 1), where the access of the solvent
is limited, possibly shielded by the azobenzene photoswitch (see below).
C. Photoswitching 2D IR Difference Spectra
With that information in mind, we turn to the 2D IR difference spectroscopy induced by
photoswitching the azobenzene moiety from trans to cis with the help of a cw-laser diode.
Fig. 3 shows the spectra of all mutants that have been investigated. Surprisingly, only one
of the considered mutants (L78AHA) reveals an evaluable signal, while all others show no
clear signal apart from some modifications of the water background and/or small remaining
scattering (the latter appears as spurious signals along the diagonal, see e.g. the 2D IR
difference spectra of L66AHA or N80AHA). These two effects currently limit our sensitivity,
not signal-to-noise per se. It should however be stressed that we know beyond any doubt
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that the AHA label is present also in those mutants, for which no difference signal could be
detected. For example, we see its absorption band in the individual dark-adapted (trans)
2D IR spectra, i.e., before taking the difference with the corresponding cis 2D IR spectra
(however, sitting on a large water background, see Fig. S3, Supplementary Material). Also
mass spectrometry (Fig. S1, Supplementary Material) confirms the existence of an azido
group in all mutants.
Nonetheless, the response of L78AHA, and the comparison to the unfolding difference
spectrum from Fig. 2, is quite revealing. The 2D IR difference spectrum induced by pho-
toswitching (Fig. 3) is quite comparable to the 2D IR spectrum of the folded state (Fig. 2,
left panel), where the frequency position and 2D line shape is concerned, but the sign (en-
coded by the colors) is inverted and the intensity is about a factor 5 smaller. Furthermore,
the photoswitch induced difference spectrum is very different from the unfolding induced
difference spectrum (Fig. 2, right panel), the latter of which resulting from the frequency
shift of the AHA transition. That is, the effect of photoswitching on the AHA label is
mostly a reduction of the vibrational transition dipole in the cis-state without affecting the
vibrational frequency very much. This in turn also evidences that the difference spectrum
induced by photoswitching is not the result of the slightly reduced stability of the protein
with the photoswitch in the cis state, which according to CD spectroscopy (Supplementary
Material, Fig. S2) might cause ≈2% of unfolding.
To the best of our knowledge, this effect has not been described so far. That is, while the
frequency of the AHA label is considered to be a measure of the amount of solvation,16–22
the intensity stays essentially the same, which is indeed what is observed when unfolding
the protein (Fig. 2). It is conceivable that when the label enters a more heterogenous
environment, the absorption becomes wider at the expense of the peak intensity such that the
integrated intensity, and hence the transition dipole, stays the same. We tentatively exclude
that effect here, since it would cause wings of opposite sign on both sides of the peak in the
difference spectrum that are not observed, even when considering the present signal-to-noise
level. We also carefully checked the possibility that the loss of intensity reflects a loss of AHA
label due to a reduction of the azido group, for example. To that end, we first measured mass
spectra before and after laser illumination (see Fig. S4, Supplementary Material), showing
that no chemical modification is occurring, such as the loss of a N2 molecule. Second, we
measured FTIR difference spectra switching forth and back, evidencing that the transition is
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FIG. 4. Histograms of polar contacts between considered AHA labels and PDZ2 protein in cis
(black) and trans (red) state. Green and blue labels denote backbone and side-chain contacts,
respectively, and magenta labels indicates contacts with the sulfonate groups of the photoswitch.
indeed reversible and that the AHA band regains its intensity upon cis-trans back-switching
(see Fig. S5, Supplementary Material).
D. Spectral Simulations
To get insights into the molecular mechanism giving rise to this spectroscopic response,
we performed spectral simulations based on all-atom MD simulations. Recent quantum-
chemical calculations of Cho and coworkers18 have shown that the spectroscopic signatures
of the azido stretch mode of AHA mainly reflect the local electrostatic environment of the
azido group. To result in an observable IR difference spectrum of PDZ2, this electrostatic
field needs to differ in the trans and the cis states. Since the main contributions to the
local electrostatic environment arise from contacts with nearby polar residues and water
molecules, we first employ MD simulations to study possible changes of these contacts caused
16
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FIG. 5. Distribution of the number of water contacts of the AHA labels, with the protein being in
trans (red) and cis (black) state.
by the trans-cis isomerization.
Let us begin with the contacts between polar protein residues and the azido groups. Fig. 4
reveals that the number of such intraprotein contacts and their changes upon trans-cis pho-
toisomerization appear quite complex. Roughly speaking, we find three labels (N16AHA,
L66AHA, N80AHA) with a large number, two (S48AHA, L78AHA) with a medium num-
ber, and one (I20AHA) with a small number of intraprotein contacts. Notably, we see that
labels N16AHA, I20AHA and N80AHA show significant contact changes between trans and
cis states, while the label L78AHA shows only minor variations. Fig. 5 displays the distri-
bution of water contacts during the MD simulation. Three AHA labels (N16AHA, S48AHA,
N80AHA) are found to be strongly hydrated, two (I20AHA, L66AHA) are hardly hydrated,
and label L78AHA, for which a difference signal could be observed experimentally, may be
characterized as moderately hydrated. Interestingly, only the strongly hydrated labels show
significant differences in the number of water contacts between trans and cis states. In par-
ticular, we find that the decrease in the number of water contacts of N16AHA and N80AHA
upon trans-cis photoisomerization is compensated by an increase of protein contacts.
As the examination of the changes of contacts does not provide a clear explanation of the
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FIG. 6. Vibrational frequency shifts (relative to the gas-phase vibration) of the azido stretch
mode of the AHA labels in the trans (red) and cis (black) states. Results are obtained from the
electrostatic model (Eq. (1)) with (full lines) and without (dashed lines) inclusion of the sulfonate
groups of the photoswitch.
experimental findings, we next study to what extent the contact changes discussed above are
reflected in spectral changes of the azido stretch mode of the corresponding AHA label. To
this end, Fig. 6 displays the distribution of vibrational frequency shifts δω(t) upon trans-cis
photoisomerization, as obtained from the electrostatic model in Eq. (1). In the case of the
strongly hydrated labels (N16AHA, S48AHA, N80AHA), the calculations predict relatively
broad (∼ ±10 cm−1) and red-shifted (by ∼ 10 cm−1) frequency distributions. The weakly to
hardly hydrated labels (I20AHA, L66AHA, L78AHA), on the other hand, exhibit a smaller
distribution width (∼ ±5 cm−1) and also smaller frequency shifts. This different width of
the frequency distributions of hydrated vs. not hydrated labels is in nice agreement with
the experimental results of Taskent-Sezgin et al.,17 who found line widths of ∼ ± 5 and
10 cm−1 for AHA labels in the folded and unfolded (i.e., water exposed) state of a protein,
respectively. On the other hand, we note that the overall redshift predicted by the model is
in variance with the common expectation that solvation rather causes a blue shift (see, e.g.,
18
Fig. 2 as well as Refs. 1, 17, 20–22). As discussed in Ref. 28 [Fig. 6], this effect is caused by
our neglect of the polarizability of the azido group.
Upon trans-cis photoisomerization, the strongly hydrated labels show no or only minor
spectral changes. This is clearly expected for S48AHA, where both protein and water
contacts remain more or less unchanged, but comes a bit as a surprise for N16AHA and
N80AHA, where both protein and water contacts change significantly. We conclude that
the highly mobile water molecules around these labels may effectively screen or counter the
electrostatic interactions of the protein, which hampers a clear spectroscopic response. The
frequency distribution of L78AHA hardly changes between trans and cis states, which is
in line with the absence of major protein or water contact changes for this label. On the
other hand, the spectral simulations would predict a significant blue shift of I20AHA and
L66AHA when changing from trans to cis, resulting from the changes of protein contacts,
which however is not observed experimentally.
To sum up the results up to this point, our MD simulations combined with the elec-
trostatic model by Cho and coworkers28 would predict spectral changes for I20AHA and
L66AHA, while in experiment L78AHA is the only label with an observable spectral re-
sponse upon trans-cis photoisomerization. Of course, one may question the accuracy of the
structural prediction of the employed MD force field (neglecting, e.g., the polarizability of
the azido group) or the assumptions underlying the electrostatic model (neglecting, e.g., the
dependence on dispersive interactions or the fact that the model of Cho and coworkers28
has been parameterized based on QM calculations with water clusters around an azido
group only, while intraprotein contact to polar residue play a significant role here as well).
Moreover, the electrostatic model would describe frequency shifts only, which is not what is
observed experimentally. That is, the experimental 2D IR difference spectrum upon trans-cis
photoisomerization is dominated by a change in the intensity of the vibration of L78AHA,
and not its frequency.
Being a 1,3-dipole, the azido group is strongly polarizable, and it is for example well
known that azido groups in different molecules have strongly varying transition dipoles.5
Hence, it is conceivable that even weak electronic interactions with other parts of the pro-
tein, involving for example a charge transfer similar to the situation in a hydrogen bond
or at the onset of a nucleophilic attack, may strongly affect the electronic density of the
azido group and thereby change the transition dipole of its vibration. The prime candidates
19
a b
FIG. 7. Quantum-chemical calculations for a minimal model of the AHA label (−N3 group and Cβ
atom) and the sulfonate group of the photoswitch, indicating the van der Waals radii of the atoms
by colored spheres. Panels (a) and (b) show energy-minimized structures of L78AHA in cis with
contact and trans without contact, respectively, of the azido and the sulphonate groups. I20AHA
exhibited similar structures, with a contact in trans and without contact in cis (not shown). Using
these structures, vibrational spectra of the azido stretch mode were calculated for (c) I20AHA
and (d) L78AHA. Black and red lines correspond to the cis and trans state of the photoswitch,
respectively.
for such an electronic interaction are the two sulphonate groups of the photoswitch, which
have been introduced to increase the solubility of the azobenzene moiety.49 Performing elec-
trostatic calculations in the absence of these sulfonate groups (dashed lines in Fig. 6), the
frequency distributions of I20AHA and L78AHA reveal a significant red-shift, emphasizing
the importance of the sulfonate groups. Moreover, the red-shifts are clearly different for trans
and cis states. The strongly hydrated labels N16AHA and N80AHA, on the other hand,
show only minor spectral changes when sulfonate groups are excluded in the electrostatic
calculations. Although these labels form contacts with the sulfonate groups (Fig. 4), the
strong electrostatic screening due to solvent water appears to prevent clear spectral changes.
In our MD simulations, such contacts don’t appear often (cf. Fig. 4), owing to the missing
stabilizing electronic interaction in the force field description. To investigate if such direct
contacts between azido and sulfonate groups can lead to a charge transfer and the experi-
mentally observed absorbance changes, we extracted the structure with the closest distance
between I20AHA/L78AHA and an neighboring sulfonate group from MD simulations of each
20
cis and trans states. Showing the energy-minimized structures of these states, Figs. 7a and
b reveal that L78AHA indeed forms a close contact with the sulfonate group, which mediates
an electronic interaction. Intriguingly, this contact only exists in the cis configuration of the
photoswitch, but not in the trans configuration. Likewise, an energy-minimized structure
of I20AHA (not shown) exhibits a close contact associated with an electronic interaction in
the trans configuration, that does not exists in the cis configuration.
Using these structures, we calculated harmonic frequencies and band intensities of the
azido stretch mode (see Methods). Figure 7c and d show the resulting vibrational spec-
tra of the azido stretch mode of I20AHA and L78AHA in the cis and trans states of the
photoswitch. In either case, a close contact between the azido and the sulfonate groups
results in a decrease of the band intensity of the AHA vibration due to a charge transfer to
the azido group that reduces the transition dipole. As can be seen in Table II, the charge
on all nitrogen atoms changes by up to ±0.23 e, indicating that the charges on the azido
group are indeed very mobile due to electronic effects. A polarizable force field is the least
that would be needed to describe that effect self-consistently in a MD simulation. The ef-
fect on intensity is stronger for L78AHA than for I20AHA, in qualitative agreement with
experiment. It should however be mentioned that in addition to the intensity change, the
quantum chemistry calculations would also predict a frequency shift of ∼ 25 cm-1, which is
not observed in experiment. Possibly, the missing protein environment and solvation in the
TABLE II. Mulliken charges73 (in units of e) of the AHA azido nitrogen atoms in different quantum
chemical vacuum models. Cont./no cont. refer to the presence/absence of a contact with the
neighboring sulfonate group. N(3): nitrogen attached to AHA side chain; N(2): internal nitrogen
atom; N(1): terminal nitrogen atom.
nitrogen I20AHA L78AHA
atom cis trans cis trans
no cont. cont. cont. no cont.
N(3) -0.45 -0.33 -0.52 -0.50
N(2) 1.02 1.21 1.08 0.89
N(1) -0.71 -0.94 -0.67 -0.54
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quantum chemistry calculations might be responsible for that effect. The results neverthe-
less suggest that weak electronic interactions may indeed change the intensity of the AHA
vibration, enabling a new application for that vibrational label.
IV. CONCLUSION
The AHA vibration is an attractive label to study protein structure and dynamics with
the help of IR and 2D IR spectroscopy, since it can be incorporated almost anywhere in
a protein by a methionine auxotrophic protein expression strategy,26,27 since its transition
dipole is reasonably large for 2D IR measurements in the sub-mM regime,4,22 and since it
is a sensitive probe of its solvation environment.1,17–22,28 However, in order to demonstrate
the last aspect, rather dramatic changes have been applied to the label so far. For example,
a protein has been unfolded, which fully exposes an AHA label that normally is situated
in the hydrophobic core of the protein to water,17 or a peptide ligand with an AHA label
has been dissociated from a protein,20,22 which has about the same impact on the label as
unfolding. Employing a combined experimental-computational approach, we set out in the
present work to explore the capability of the AHA label to also sense much smaller changes
in the structure and solvation of a mid-sized protein. That is, rather than unfolding of a
protein, we change the structure of a PDZ2 domain in a very modest way (<∼ 1 A˚) with the
help of a photoswitch that is covalently linked to it, thereby mimicking the conformational
transition upon ligand binding.29,31,32
To that end, we first had to develop a protocol for the post-translational synthesis of the
cross-linked PDZ2 domain containing AHA labels. That is, both the cysteins needed for the
linking of the azobenzene photoswitch as well as the azido groups of AHA are chemically
very reactive groups. For AHA, this reactivity has been used successfully for click chemistry
reactions,74 however, any modification of this unnatural amino acid had to be avoided in our
case. Mainly, the reduction of disulfide bridges had to be optimized, such that AHA would
not be reduced at the same time into a primary amine.
We have explored six mutations, distributing the AHA label at various positions of the
protein that differ significantly in their properties (Fig. 1), e.g., inside the hydrophobic core
versus surface exposed, or in the flexible loops versus in more rigid secondary structure
motives. We find that because of the fact that the label is very small and of medium
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polarity, it can replace both polar and apolar amino acids without affecting the stability of
the protein too much (Table I). In that sense, it is indeed a versatile label.
Somewhat surprisingly, however, we observe an evaluable difference 2D IR signal upon
photoswitching only for one mutation, L78AHA (we nevertheless chose to show all results
in Fig. 3, including the negative ones, since the purpose of this survey has been to learn
what can be sensed with the AHA label, and what its limitations are). The very distinct
difference signal of only the one label L78AHA comes as a surprise, since I20AHA and
N80AHA are equally close to perturbation introduced by the photoswitch. Naturally, one
would assume that the size of the effect correlates with the distance to the perturbation;
yet, with our current experimental sensitivity we cannot detect any response for I20AHA
and N80AHA. It also comes as a surprise, since the MD simulations would in fact predict
significant changes of local contacts to both water molecules and protein side chains, even
for labels that are quite far away from the photoswitch, such as N16AHA or L66AHA (see
Fig. 4 and 5).
The distinct response of L78AHA, in turn, suggests that it results from a very specific
interaction that should be robustly reproduced by a MD simulation, even given the unavoid-
able imperfectness of any MD force field that might describe some structural details in not
quite the correct way. We therefore first employed classical MD simulations, calculating lo-
cal contacts of the various AHA labels with its surrounding (Figs. 4 and 5) as well as electric
field induced frequency shifts along the line of a model put forward by Cho and coworkers
(Fig. 6).28 The simulation revealed that the strongly hydrated labels show no or only minor
spectral changes, even if both protein and water contacts change significantly (as is the case
for N16AHA and N80AHA). This suggests that this is the result of a mutual cancellation of
the contributions from water and the protein. That is, the highly mobile water molecules
around these labels effectively screen or counter the electrostatic interactions of the protein.
On the other hand, the calculations revealed nothing with respect to which L78AHA
would stick out. In the contrary, they predict a frequency shift for I20AHA and L66AHA
that are of the same order as in the unfolding experiment of Fig. 2 or what has been observed
in Ref. 22 for ligand unbinding, and thus should be measurable with our current sensitivity.
One possible explanation for that discrepancy might be the fact that the electrostatic model
of Cho and coworkers28 neglects polarizability and has been parameterized based on quantum
chemical calculations focusing on hydrogen bonding in water clusters around a solvated azido
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group only, while L66AHA and I20AHA are basically not solvated (Fig. 5) and the electric
field in Eq. (1) originates mostly from intra-peptide contact with polar side-groups.
In order to explain the distinct response of L78AHA, which actually reflects a change of
intensity of the AHA vibration rather than its frequency, we speculate here that it origi-
nates from an electronic interaction between the AHA label and the sulfonate groups of the
azobenzene-moiety. As a proof of principle, preliminary gas-phase quantum chemistry cal-
culations, using structures derived from the classical MD simulation, give evidence that this
might indeed be the case (Fig. 7). We must concede that we did not do these calculations
on a sample of possible contact structures, that the agreement with experiment is rather
modest, and that a polarizable force field or QM/MM simulations would be needed to verify
that mechanism. As the interaction of the azido group with the sulfonate group is related
to a weak chemical bond, the effect might be amplified in a QM/MM simulation, thus in-
creasing the stability and occurrence of contact structures. The same seems to happen also
upon hydrogen bonding to water, as evidenced by the observation of Cho and coworkers18,28
that QM/MM simulations are necessary to correctly descibe the water structure around the
azido group, which is a prerequisite for predicting a blue shift upon solvation.
Despite the preliminary character, the current results nevertheless show that the intensity
of the AHA vibration carries information about its surrounding that is complementary to
the frequency position. This effect has not been described in literature to the best of our
knowledge, and needs to be taken into account when analyzing difference spectra from IR
labels that can undergo electronic interactions with neighboring amino acids, such as azido
and cyano groups. In a broader sense, it reminds one that in difference spectroscopy, band
disappearances do not necessarily need to be an effect of a vanishing state population, but
can as well stem from effects altering the transition dipole moment of the reporting label.
In conclusion, we have found a new and unexpected mode of spectral response of an AHA
label incorporated into a protein. This response stems from an electronic instead of an
electrostatic interaction of the AHA azido group with the protein/water surrounding, and
opens up new applications for the usage of artificial probes in biospectroscopy.
Supporting Information: Details of the force field parametrisation of the AHA group,
as well as mass spectra determining the purity of the samples, temperature-dependent CD
spectra determining their stability, 2D IR spectra of the dark-adapted (trans) state, and
24
FTIR difference spectra are given in Supporting Information. This information is available
free of charge via the Internet at http://pubs.acs.org
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